Abstract-Interaction of a wide range of central nervous system (CNS) drugs with the transport of 5-hydroxytryptamine (5-HT) and norepinephrine (NE) into synaptosomes from cerebral cortex was investigated. By determining the effect on Na,K-ATPase, the interaction of these drugs with the synaptic transport of Naf and K + was also assessed. Although of different numerical value, the order of potency of the drugs in inhibiting the uptakes of both biogenic amines was comparable. Furthermore, similar inhibition constants were obtained for the low affinity uptake of 5-HT and the uptake of NE. Desipramine and amphetamine strongly inhibited both uptake processes. The narcotic drugs displayed a wide range of inhibitory potency. An exceptionally strong, but not stereospecific, effect was obtained with levorphanol, which inhibited 5-HT uptake with a Ki of 0.7 PM. While methadone and pentazocine had inhibition constants between 20 and 50pM, morphine, codeine and naloxone were markedly weak inhibitors with K, values extending into the mM range. The uptake of both 5-HT and NE was strongly inhibited by quinacrine. Among the drugs investigated, only methadone showed substantial inhibition of synaptosomal Na,K-ATPase. The reversible inhibition of the enzyme by the drug was diminished at concentrations of Na+ and K+ reflecting synaptic discharge. The drug partially bound to the ouabain site of Na,K-ATPase and also inhibited the Mg-activated component. The feasibility and experimental conditions were established for using a modified crude mitochondrial fraction as synaptosomal preparation to study transport processes in general and the uptake of biogenic amines in particular.
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Various central nervous system (CNS) drugs may owe their pharmacologic
action to an interaction with the synaptic uptake of biogenic amines [I, 23. Accordingly, a number of studies were conducted on the inhibition by selected CNS drugs of the uptake of 5hydroxytryptamine (5-HT) [3] [4] [5] [6] , as well as dopamine (DA) and norepinephrine (NE) . However, a comparison and unequivocal interpretation of the results of these experiments are hampered by the manifold approaches in investigating and presenting the inhibitory potencies of the drugs, as well as by the limited selection of compounds included in a given study. An additional difficulty in evaluating the hitherto presented information is created by the different sources of synaptosomes, ranging from whole brain to several discrete areas of the cerebrum.
In addition to the uptake of biogenic amines, the transport of Na+ and K+ across the presynaptic membrane represents another major process of translocation in the synaptic cleft. The molecular mechanism for the active transport of monovalent ions involves the Na,K-ATPase.
This enzyme is associated with cell membranes and is particularly active in excitable tissues [12] . Its presence was described and its activity characterized in synaptosomes 1131. The effects of a limited selection of CNS drugs, particularly tricyclic antidepressants, on synaptosoma1 Na,K-ATPase were previously investigated [14.15] .
Although reports on uptake processes in synaptosomes are manifold, there is a lack of information * Send requests for reprints to: Dr. Fedor Medzihradsky, Department of Biological Chemistry, The University of Michigan Medical School, Ann Arbor, Mich. 48109. on criteria which have to be fulfilled by isolated synaptosomal preparations in order to render them suitable for the study of transport processes.
Against this background, and within our interest in mechanisms of cellular drug transport [l&19], it was decided to investigate the interaction of a wide selection of CNS drugs with the uptake of biogenic amines in synaptosomes isolated from one discrete area of the brain, the cerebral cortex. Another goal of this study was to determine the effects of the drugs on the synaptosomal Na,K-ATPase at concentrations of the two ions which reflect both normal and discharge states in the synaptic cleft. Finally, the study was to re-evaluate experimental conditions for investigating transport processes in synaptosomal preparations.
MATERIALS AND METHODS

Materials.
The drugs used in this study were kindly provided by Drs to about 3 mg protein were added to 2 ml buffer medium. After incubation for 15 min at 20'. the suspension was centrifuged at 35.000// for 5 min. The pellet was washed three times by SLISpension in 0.32 M sucrose and renewed ccntrifugation. The resulting pellet was digested at room temperature overnight with 50~1 cont. HNOJ. After the addition of 5 ml of 15 mEq/l. LiCI, the concentrations of Nat and K' were determined in a Ilame photometer.
Condifions ,ftir uptcrku .sturlies. The MCM fraction was prepared as described above by suspending the upper, loose portion of the CM pellet in 3-4 ml of 0.32 M sucrose, pH 7.4. The suspension was kept on ice and, as needed, lOO/'l of it was transferred to 2.15 ml buffer medium, containing the drugs the effects of which were investigated. The buffer medium had previously been equilibrated with 0, at 20 and contained the following final concentrations (mM): Tris. 35; NaCI, 100: KCI. 10; MgS04. 1.2: KH,PO,, 1.2; NaHCO,, 1; glucose, 10; and sucrose. 25. The pH of the medium was adjusted to 7.4 with HCI. The determined tonicity of the buffer medium was 317 mOsM. After incubating the suspension for 5 min at 20 , 250~1 of a solution of radiolabeled biogenic amine in the buffer medium was added and all the samples were incubated for a time between 2 and 5 min with gentle shaking under OZ. The incubation was terminated by filtering I-ml aliquots on Reeve Angel ultrafine glass fiber disks which initially were repeatedly swirled in fresh portions of (X9",, NaCl. The material on the filter was washed with 25 ml of ice-cold 0.9",, NaCI. Total filtration time was 20-30 sec. The filters were transferred to scintillation vials, digested with 0.4 ml Protosol at 60 for I hr and cooled to room temperature. Toluene-based scintillation fluid was then added and the radioactivity determined in a liquid scintillation spectrometer.
To estimate nonspecific interactions with biologic material, control experiments were carried out with synaptosomal preparations previously repeatedly frozen at -70 and thawed. or sonicated 3 x 30sec at 0 using a microtip at setting 6 of a Branson cell disruptor, model Wl40.
AS.SU~ c$ Ntr. K-ATPose. The activity of this enzyme was determined by measuring the catalyzed release of inorganic phosphate (Pi) from ATP. The determination of Pi was carried out enzymatically utilizing phosphorylasc LI. phosphoglucomutase and glucose 6-phosphate dehydrogenase 1291. The assa) of Na. K-ATPase was carried out as previously described [30] and its activity calculated from the dialercncc in Pi release in the absence and prcscnce 01 0.1 mM ouabain. The specific conditions of cxpcriments on drug interaction with the enzyme arc outlined in the legends.
Det~~~inarion Nf' prorcin. Protein was determined by the method of Lowry c'f trl. [31] .
The preparation was characteiized, and the reproducibility of the isolation procedure investigated by determining the specific activity of AChE, SDH and LDtr cell and (e) considering the results of protein determination.
the uptake of 5-HT in the MCM fraction was compared with that obtained using the isolated mitochondria.
The results of the above outlined experiments are shown in Table 1 . From the obtained data, the magnitude of possible contribution of mitochondria to the uptake of S-HT in the MCM preparation was determined to be about 5 per cent. In addition to these experiments.
the CM fraction was incubated with radiolabeled 5-HT and the preparation subsequently resolved by density gradient centrifugation into enriched synaptosomal and mitochondrial fractions, according to Gray and Whittaker 1211. The radioactivity in the latter two fractions corresponded to 90 and 4 per cent of the total activity applied to the gradient. It should also be emphasized that in the MCM fraction used in this study the contamination by mitochondria was less than in the unmodified CM preparation. This was documented by the SDH specific activity in the MCM fraction relative to the lower portion of the CM pellet: 18 and 39 nmoles/mg of protein. min respectively.
Uptake of 5-HT und NE. The linear ranges of the uptake of biogenic amines are shown in Fig. 2 , and the kinetics of the processes are presented in Figs. 3 and 4. In view of the biphasic nature of 5-HT uptake, the initially obtained "masked' values for both K, and V,,, were re-evaluated (Table 2) according to the method of Neal [41] . The latter correction takes into consideration the mutual interaction of the two processes, representing the low and high affinity uptake of 5-HT.
The results on the uptake of DA were characterized by inconsistency, caused by low uptake rates. In view of the poor reproducibility of the uptake itself no attempts were made to investigate drug interaction with the latter process, Interaction IJ~' drugs with the uptake qf 5-HT trrztl NE. The nature of drug interaction was analyzed graphically and the inhibition constants w'ere obtained from Dixon plots of the uptake of biogcnic amines in the presence of the drugs (Fig. 5) . The Ki values are listed in Table 3 . There was a general similarity in the pattern by which the investigated drugs inhibited the uptake of 5-HT and NE. K, values relating to the low affinity uptake of 5-HT correlated well with inhibition constants of the drugs displayed in the uptake of NE. On the basis of their potency in inhibiting the uptake of both 5-HT and NE. all the investigated drugs could be divided into three distinct categories, characterized by K, values of: below 12 /IM, between 20 and 50 AIM, and above 300,aM (Table 3 ). An exceptional effect was obtained with levorphanol, which inhibited 5-HT uptake with a Ki in the submicromolar range. Both levorphanol and dextrorphan displayed similar Ki values. Codeine, morphine and naloxone, on the other hand, affected both uptake processes least. Their interaction was characterized by high K, values, extending into the mM range particularly in inhibiting NE uptake. Both of Na+ and K+ approximating those normally prevailing in an extracellular environment, only three of the investigated drugs affected the Na, K-ATPase (Table 4) . Among them methadone. at a concentration of 0.5 mM, was the most potent. inhibiting the enzyme 56 per cent. Further investigation of the nature of methadone inhibition of synaptosomal ATPase revealed that the drug in inhibiting Na, K-ATPase partially blocked the ouabain site of the enzyme (Table 5 ). This was indicated by the extent of the protective effect of methadone displayed in Expt. 5 relative to the results in Expt. 4. As shown in Expt. 3, considering in addition Expts. 5 and 4. methadone also inhibited the Mg-activated ATPase component. was determined as outlined in Matercentrations of 5-HT in the medium against the reciprocal ials and Methods. In experiments on protein dependence rates of 5-HT uptake. The obtained values for K, and the uptake was terminated at times within the linear range.
V,;,, are listed in Table 3 . Presented are mean values of Shown are results of representative experiments.
at least twenty experiments. Table 3 . Presented are mean values of at least twenty experiments.
Changing the ion concentration in the assay medium, i.e. decreasing the ratio Na+/K+. diminished the extent of inhibition of Na, K-ATPase by methadone ( Table 5 ). As seen from Expts. 6-9, drug inhibition of the enzyme was 22 per cent at a ratio of Na+/K+ equaling 1 as compared to 50 per cent if the latter was 20. The inhibition of Na, K-ATPase by methadone was reversible. Washing of synaptosomes with 50 mM imidazol.HCl, pH 7.0, almost completely restored the enzyme activity, initially inhibited by 0.5 mM methadone.
DISCUSSION
Since their discovery [21] , synaptosomes have been increasingly used as conveniently available vesicular models to study biological phenomena in the synaptic region. Relating to transport processes, the synaptosomal uptake of biogenic amines [44] and amino acids [45, 46] has been focused upon. An essential requirement in investigating cellular transport processes is the assertion of an intact plasma membrane in the preparation under study. In comparing various measures of viability in isolated cells, we recently described the cellular K+ content, or the ratio of cellular K+ to cellular Na+, as most sensitive indicators of a nonleaking plasma membrane [37] . In the present study, synaptosomes further purified from the crude mitochondrial fraction displayed lower ratios of cellular K+/Na' as compared to a modified crude mitochondrial fraction. Compared to the latter preparation, the inferior transport-related viability of purified synaptosomes was also reflected in increased leakage of cellular LDH and did correlate with decreased uptake rates for biogenic amines, as well as with poor reproducibility of the data. This finding is supported by the results of a recent study showing decreased uptake of GABA and glutamate in purified synaptosomes if compared to incubation of the substrates with the CM fraction and subsequent isolation of the synaptosomes 1473. Crude mitochondrial fractions have been frequently used in studies focusing on uptake processes in synaptosomes (e.g. see Refs. 5. 7, 9 and 11) . However, the use of such heterogeneous fractions requires the investigation of possible contribution to the observed phenomena of mitochondria, the major nonsynaptosomal vesicles present. In the present work, the contribution of mitochondria to synaptosomal uptake of biogenic amines was extensively investigated and determined to be less than 5 per cent of the total observed uptake. A recent electron-microscopic study on the morphology of CM and purified synaptosomes revealed that the latter organelles accounted for 38 per cent of all particles in either of the fractions [48] . In remarkedly good agreement with our finding relat- ing to uptake (Table l) , the free mitochondria in the CM fraction represented 7 per cent of all the vesicles present. Possible artifacts in the uptake experiments due to variable activity of monoaminooxydase, resulting in deamination of the investigated compounds. were excluded by the demonstrated linearity of In order to establish a correlation with ongoing, transport-related studies in this laboratory, the synaptosomal preparations in the present work were iso- lated from cerebral cortex. Until recently cerebral cortex was assumed to be lacking in dopaminergic neurons [49, 50] . However, newer evidence [51-531 contraindicates this concept describing the existence of DA nerve terminals in cortex, although limited to the limbic region [53] . In the present study, due to markedly low uptake rates and in agreement with the assumption of few dopaminergic terminals in cortex, a reproducible accumulation of DA in cortical synaptosomes could not be established.
The values for kinetic constants determined in this study are within the range reported for neuronal uptake of 5-HT and NE [I, 541. However, in numerous hitherto presented studies there was little consistency in presenting the kinetic data, e.g. the extent of drug interaction was expressed as per cent inhibition relative to control. In addition, the biphasic uptake of biogenic amines was often graphically "resolved" by simply extending the corresponding lines to obtain intercepts with the coordinates, resulting in two pairs of kinetic constants. In doing so the mutual interaction of the two processes was neglected. leading to quite arbitrary numerical values, particularly regarding the kinetic constants of the high affinity uptake process ( Table 2) .
Considering the viewpoint that the pharmacologic effect of various CNS drugs possibly represents the consequence of their interference in the synaptic uptake of biogenic amines, this study provides pertinent data using a wide selection of CNS drugs studied under identical conditions. In evaluating the interactions, the different magnitude of the inhibition constants was focused upon, ranging from submicromolar to mM concentrations.
Both desipramine and amphetamine were potent inhibitors of biogenic amine uptake. An exceptional effect was obtained with levorphanol, which inhibited the high affinity 5-HT uptake with a Ki of 0.7 /lM. The specificity of this effect is emphasized by the substantially lower potency of levorphanol in inhibiting the uptake of NE. The actions of levorphanol were not stereospecifit, as shown by the similar Ki value of dextrorphan. The high affinity binding of levorphanol in preparations from nervous tissue, reflecting the interaction with a narcotic receptor. has been shown to be stereospecific [55, 56] . Relating to narcotic drugs, it is of interest to note the rather strong inhibitory potencies displayed by methadone and pentazocine as opposed to the weak effects of morphine, codeine and naloxone. The distinctly high K, values of the latter drugs present a strong argument against a biologic role of their interaction with the synaptosomal transport of biogenic amines in cerebral cortex.
In comparing the inhibitory pattern of the drugs in the present work with pertinent results of previous studies, one is hampered by the following differences: source of synaptosomes, number of drugs studied under identical conditions, and lack of a common method in expressing drug inhibition of biogenic amine uptake. Previous studies have particularly focused upon the effects of tricyclic antidepressants and amphetamine on the uptake of 5-HT [3, 5] and NE [7, 9] . Amphetamine inhibited both the high and low affinity uptake of 5-HT with a Ki of 7pM [S] , which agrees with the finding in this study, showing similar Ki values for this drug in inhibiting both uptake processes for 5-HT. Also in good agreement with results in Table 3 is the lczo of 6pM reported for desipramine in inhibiting 5-HT uptake in crude synaptosomal preparations from whole rat brain [4] . On the other hand, our results disagree with the previously reported inhibition by methadone of synaptosomal 5-HT uptake [6] . Whereas in that study morphine exhibited a Ki of 400 PM. a value approximating that shown in Table 3 , methadone had a Ki of 1 nM as opposed to 28 I'M determined in the present work. Despite the differences in species (rabbit vs rat) and in brain regions (whole brain vs cerebral cortex), the discrepancy in the effects of morphine and methadone in the two studies is puzzling. Previously, the same laboratory reported morphine, methadone, thebaine and codeine to be potent inhibitors of synaptosomal NE uptake at concentrations between 0.2 and 2mM [S] . In addition to the markedly high concentrations of the drugs, morphine in that study was reported as more potent in inhibiting NE uptake than methadone.
The study did not include K, values. These findings [S] again disagree with our observdtion that morphine, codeine and naloxone were markedly weak inhibitors of NE uptake as compared to the other CNS drugs investigated. On the other hand, our results correlate well with the order of potency according to which narcotics, including morphine and methadone, inhibited NE uptake in a different study [lo] . In that work, the Ki values for morphine, codeine and naloxone were higher by 2 magnitudes than those for methadone and levorphanol. An additional study showed significant inhibition of synaptosomal NE uptake by 0.1 to 1 mM concentrations of morphine [ll] . The reported effects of tricyclic antidepressants on NE uptake [7, 9] are in good agreement with the results shown in Table 3 , as exemplified by Ki values of 8 PM for amitriptyline [7] and 5 /*M for desipramine 141.
In evaluating drug interaction in this study, the potent effect of quinacrine in inhibiting both 5-HT and NE uptake is of interest. This compound proved to be a strong inhibitor of the transport of drugs in leukocytes [I& 191 . the isolated retina 1573 and in brain slices (Medzihradsky and Lin. unpublished observations) . Quinacrine is apparently recognized as a substrate by uptake systems for basic amines. transport processes characterized by limited structural specificity and seemingly wide distribution in mammalian tissue [I 77191.
The low affinity uptake of 5-HT has been assumed to be due to noradrenergic and/or dopaminergic neuronal uptake sites [l, 2,541. The inhibition pattern of the drugs investigated here presents strong evidence in support of this assumption:
the Ki values relating to the low affinity uptake of 5-HT were similar to those obtained for the uptake of NE.
Inhibition of CNS drugs of the enzyme coupled to the transmembrane transport of Na' and K+ could reflect a possible mode of action of these compounds, due to induced changes in the concentration of monovalent ions in the synaptic cleft. However. at typical extracellular concentrations of Na+ and K + likely to reflect the ion content in the synaptic cleft C581. only methadone at submillimolar concentrations showed substantial and reversible inhibition of Na, K-ATPase. Although the effect was obtained with 0.5 mM drug, this relatively high concentration is within the range of those applied in previous reports demonstrating partial inhibition of synaptosomal Na. K-ATPase by chlorpromazine and haloperidol 1143. and tricyclic anti-depressants [ 14, 151 . In these studies. the effective concentration of the drugs was in the range of 0.1 to I mM. Tissue levels of basic amines. like methadone. can be expected to be considerably higher than their therapeutic concentration in plasma. As shown previously, among the drugs investigated here and at similar concentrations, desipramine and pentazocine inhibited by 40 and 15 per cent an enriched preparation of Na, K-ATPase from brain 1591.
Changing the ion concentration in the direction which reflected synaptic K+ release, i.e. at a decreased ratio of Na+,/K+ in the assay, markedly diminished the extent of enzyme inhibition. This finding indicates limited effect of the drug on the active reuptake of K+. involving the Na, K-ATPase, after synaptic discharge. The protective effect of K +. as well as results of the cross-inhibition experiments suggested partial involvement of the ouabain site in the interaction of methadone with Na. K-ATPase and also indicated inhibition by the drug of Mg-ATPase.
